Abstract: This article presents a new tilting atomic force microscope (AFM) with an adjustable probe direction and piezoresistive cantilever operated in tapping-mode. The AFM is based on two rotational axes, which enable the adjustment of the probe direction to cover a complete hemisphere. The whole setup is integrated into a nano measuring machine (NMM-1) and the metrological traceability of the piezoresistive cantilever is warranted by in situ calibration on the NMM-1. To demonstrate the capabilities of the tilting AFM, measurements were conducted on a step height standard.
Introduction and literature review
Since its invention in 1986 [2] the AFM has become a widely used and traceable tool in nanometrology. The still ongoing development led to different approaches to measure the deflection of the cantilever [22] . While the optical beam deflection (OBD) method is still mainly used, the once inferior signal-to-noise ratio (SNR) of self-sensing methods, like the piezoresistive deflection measurement [21] , has been improved steadily and is nowadays comparable to the SNR of OBD [6] . Besides the deflection detection, the measurement of vertical or near vertical surface features, features with a high-aspect-ratio or even undercut features is another important field of research. One approach is to use bootshaped cantilever-tips [13] for critical dimension (CD)-AFM. While sidewalls are well resolved by this method, the shape of the tip leads to a poor resolution of the flat parts of the feature. Furthermore, tip characterization and the subsequent correction of the dilation caused by the finite tip size is quite laboriously, since measurements are conducted at the whole circumference of the tip [4] . Another approach is to introduce an inclination between the measuring object and the cantilever. This might be done by tilting the sample [7, 8] , or by tilting the cantilever in one direction [3, 11] . The new AFM presented here is based on two rotational axes [17] , which enable the adjustment of the probe direction to cover a complete hemisphere. The sensor utilizes self-sensing piezoresistive cantilevers [19] and is operated in tapping-mode. Therefore, a piezoelectric drive [16] stimulates the cantilever near its resonance frequency. The whole setup is installed in a NMM-1 with a motion range of 25 mm x 25 mm x 5 mm and a resolution of 0.1 nm [9] .
Setup

Hardware setup
The setup of the sensor is shown schematically in fig. 1 and integrated into the NMM-1 in fig. 2 . The first axis (1 and 2), an Aerotech ANT95R-180 with a positioning range of 180° [1] , is oriented parallel to the -axis of the NMM-1. The second axis (3 and 4), a SmarAct SR-2812 with a positioning range of 360° [20] , is mounted under an angle of 45°. A flexure hinge (6) connects the second axis with the socket for the self-sensing cantilever (7) . The piezoelectric drive (5) stimulates the cantilever to operate the AFM in tapping-mode. The power supply of the Wheatstone bridge on the cantilever and the measuring signal are transduced by a flexible printed circuit board (PCB). The cantilever tip is located as close as possible to the intersection point of both rotary axes, minimizing the translational movement of the tip when rotating the axes. 
Signal processing
The signal evaluation is conducted with a Zurich Instruments HF2LI lock-in amplifier [23] . The reference signal is impedance converted by a current feedback amplifier [12] and stimulates the piezoelectric drive near the cantilever's resonance frequency. The signal of the piezoresistive self-sensing cantilever is amplified by a commercial pre-amplifier [18] and transduced to the lock-in amplifier, which calculates the phase-independent amplitude of the oscillation. This amplitude is the measuring signal and feedback signal passed to the NMM-1 to control the -, -and -axis according to the probe direction specified in the measuring command.
Calibration
To ensure the metrological traceability of the piezoresistive cantilever, it is calibrated on the NMM-1. Firstly, the second axis is in its zero position and the probe direction is the direction of the -axis of the NMM-1. Therefore, the calibration is done against the traceable -interferometer. The cantilever used is stimulated with a frequency of 322.1 kHz and therefore slightly higher than its free resonance frequency. The calibration is conducted 40 times within a period of time of 70 s in order to determine the short-term precision of the sensor. For each calibration the characteristic curve AFM ( ), where AFM is the deflection of the cantilever and is the measuring signal, is fitted as cubic polynomial. The mean range of the characteristic curves is 89 nm. In fig. 3 the deviation Δ = AFM ( ) − NMM is shown, where AFM ( ) is calculated by the first characteristic curve. Depicted in red are the residues of the characteristic curve, for which there is no systematic deviation perceptible. The deviations to the other 39 calibrations are shown in green. To determine the measurement repeatability of the sensor, every characteristic curve is applied to the measuring points of every calibration and Δ is calculated. The standard deviation of Δ is 1.8 nm. 
Measurement of a calibration grating
Measurements are conducted on a calibration grating with a step height of (21.4 ± 1.5) nm and a period of (3.0 ± 0.01) µm [15] . The grating is put on the NMM-1 under an angle of about − 4 (-45°) compared to theplane of the reference coordinate system of the NMM-1 and therefore in direction of the cantilever. Methods to determine the workpiece coordinate system (WCS) of a calibration grating have been reported in [5, 14] . In this paper the profile height ( WCS ) is calculated by calculating − NMM + AFM and tilting this difference by calculating for each measurement point the perpendicular distance to the linear regression of all measurement points − NMM + AFM .
Determination of the workpiece coordinate system
The period of the calibration grating must be measured perpendicular to the grating lines. Therefore an accurate determination of the WCS is mandatory. To determine the WCS, two scans are conducted on the grating with a point distance of 0.5 nm, a velocity of 2 µm/s and a scan length of 500 µm. One scan is conducted under an angle of − 4 + 12 (-30°) and the other under an angle of − 4 + 6 (-15°).
For both scans the periods 1 and 2 are calculated with Fourier analysis (cf. fig. 4 ). The unknown angle between the first scan and the line perpendicular to the gratings is calculated with 1 , 2 and , which is the angle between the first and the second scan, ca. 12 (15°) in this case. As shown in fig. 4 , cos( ) = 
Scan velocity
Because of the low-pass filtering associated with the calculation of the phase-independent amplitude of the oscillation, a latency between the signals of the intererometers of the NMM-1 and the measuring signal is inevitable. The effects increase with an increasing scan velocity and are quantified by measuring a single step forwards and backwards with different velocities and by comparing the measuring results. This is possible since WCS takes into account AFM and NMM . As shown in fig. 5 , for a velocity of 30 µm/s the lateral mismatch between forwards and backwards scan Δ WCS is about 70 nm, while for a velocity of 5 µm/s the mismatch is below the dispersion.
Determination of the step height
To determine the step height, one measurement is conducted perpendicular to the gratings with a point distance of 0. step height is 24.2 nm and therefore 2.8 nm higher than the nominal value. This deviation was caused by a lateral mismatch of the probing point and the Abbe-point (intersection point of the axes of the three interferometers) of the NMM-1. Since a collision of the sensor and the cornermirror must be avoided, it is not possible to align the probing point and the Abbe-point. Nevertheless, placing the sensor over the corner-mirror and therefore aligning the probing point and the Abbe-point laterally and misaligning it in the -direction of the NMM-1 proved to be more advantageous, since a repeated measurement with this configuration led to a step height of 20.7 nm. While the measurements of section 5.2 have been conducted in this preverable configuration, the measurements of section 5.1 have been completed with the lateral misalignment.
Adjustment of the probe direction
Rotation of the first axis
After the rotation of the first axis by 180°, the sensor is again calibrated and the standard deviation is determined similar to the approach presented in section 3. The obtained standard deviation is 1.4 nm. The WCS of the grating is determined similar to the approach of section 4.1.
The angle between the grating and the NMM-1 is 44.35°a nd the measured period is 2.994 µm. The measured step height is 24.1 nm. All the values obtained agree well with the values before the rotation. The good agreement between both measurements is also shown in fig. 6 , where three steps are depicted. To compensate for the translational movement associated with the rotation of the first axis, both measurements are aligned at their edges. 
Rotation of the second axis
By rotating the second axis it is possible to adjust the angle between the probe direction and the -plane of the NMM-1, which is favourable if the surface normal of the measuring object is not parallel to the -axis of the NMM-1. To demonstrate this, the calibration grating is placed on the NMM-1 under an angle of about 27°a nd the second axis is rotated accordingly. Contrary to the previous measurements, in this case the measuring direction has to be perpendicular to the cantilever, while it was in line with the cantilever, previously. To evaluate the impact of this, one measurement with the grating placed in the -plane of the NMM-1 and the second axis set to its zero position, but with the measuring direction perpendicular to the cantilever, is prepended. Three steps of the grating measured when placed in the -plane of the NMM-1 and placed with an angle of 27°and the second axis rotated accordingly are shown in fig. 7 . Measuring the tilted grating without tilting the cantilever was not possible, since the mounting of the cantilever touches the grating prior to the cantilever itself. The step height is 20.4 nm for the flat grating and 20.7 nm for the tilted grating, which agrees well with the nominal value and the value obtained in section 4.3 with the probing point and the Abbe-point aligned laterally. 
Summary and outlook
In this article a new tilting AFM has been presented. The sensor has demonstrated a high measurement repeatability for the calibrations on the NMM-1. Furthermore, with the second axis it is possible to measure objects with a surface normal that is not parallel to the -axis of the NMM-1.
The measuring results of the tilted calibration grating are in very good agreement with the results obtained for the not-tilted calibration grating, if the probe direction is aligned to the surface normal of the grating. So far, the measurement points taken with different probe directions were stitched using algorithms that rely on characteristic features of the measuring object. In future works the translational movement of the sensor associated with the rotation of the axes shall be determined in order to merge these measurement points.
